2-amino-3-methylpyridine (E)-pyridine-2-carboxaldoxime Scheme 1. Ligands used in this study: 2-amino-3-methylpyridine (2am3Mepy) and pyridine-2-carboxaldoxime (py2ald).
Experimental Synthesis
All chemicals were reagent grade and used without further purification.
[Ag(2-amino-3-methylpyridine) 2 [Ag(pyridine-2-carboxaldoxime)NO 3 ], 2. Aqueous AgNO 3 (0.170 g, 1.00 mmol) in 10 ml and 15 ml ethanol containing pyridine-2-carboxaldoxime (0.122 g, 1.00 mmol) were mixed, the solution well shaken for one minute and then kept at ambient temperature and protected from light. After two weeks, colorless long needles were obtained. The crystals were filtered off and washed with 1:10 water ethanol solution and were air-dried to give: 0.24 g, 82% with respect to the ligand. Analytical data (%): Calc. 
Materials and Instrumentation
The infrared spectra were recorded on a Bruker IFS-125 model FT-IR spectrophotometer as KBr pellets in the range of 200-4000 cm -1 . NMR spectra were recorded at the Central Lab. 
Electrospray ionization mass spectrometry (ESI-MS)
High-resolution ESI-MS analyses were performed on a Bruker APEX-Qe hybrid quadrupole Fourier transform ion cyclotron resonance (Q-FT-ICR) mass spectrometer, equipped with an Apollo-II ESI source and a 4.7-T superconducting magnet. The instrument was operated in both positive and negative ion modes.
About 1 mg of 2 was dissolved in 1 ml of DMSO (2 mM), since it is sparingly soluble in water, then 0.1 ml of this solution was diluted with 4 ml EtOH (giving a resulting solution of 0.05 mM Ag + tot ). This solution was infused into the ESI source at a flow rate of 1.5 µl/min and positive ions were detected. The instrument was operated with Bruker XMASS 7.0.8 software and spectra were processed/analyzed with the use of Bruker DataAnalysis 3.5 software.
X-ray crystallography
Crystallographic measurements were made on a Siemens Smart CCD diffractometer with graphite monochromated Mo-Kα radiation at 173 K. CCD data were integrated with the SAINT package 35 and a multiscan absorption correction was applied using SADABS. 36 All structures were solved by direct methods and refined against all F 2 data by full-matrix least-squares (SHELXL97 37 ), including anisotropic displacement parameters for all non-H atoms. Hydrogen atoms were refined isotropically using geometrical constraints with exception of amino groups in 1, where soft geometrical restraints were used. The crystallographic data are summarized in Table 1 . 
Testing of antimicrobial activity

Electrophoretic DNA migration
Plasmid pGL2-basic vector DNA, electrophoresis grade boric acid, agarose, and molecular biology grade tris(hydroxymethyl)aminomethane (Tris), glycerol, and ethidium bromide were all purchased from SigmaAldrich.
DNA aliquots of double digested pGL2 plasmid DNA (to yield 3 bands of 4000, 2000, and 1000 bp respectively) were prepared. A total of 1 µg DNA was mixed with 2 µg of 2am3Mepy, py2ald, silver nitrate, 1 or 2, respectively. The mixtures were completed to 7 µl by 10 mM Tris-HCl buffer (pH 6.8) and incubated at 25ºC overnight. The 7 µl mixture was subsequently subjected to 1.5% agarose gel containing 1 µg /ml ethidium bromide for 90 minutes at 50 V/10 cmbuffer (pH 8.0) and visualized over a UVP transilluminator.
Quantum chemical calculations
The geometry optimization and calculation of vibrational spectra were carried out with the density functional theory approach using the Orca software. 39, 40 The optimized geometry and vibrational spectra of complexes 1 and 2 were calculated using the ZORA 41 . Numbering scheme and atomic displacement ellipsoids drawn at 50% probability level for complex
In complex 1, silver (I) is coordinated to two pyridine moieties via the ring nitrogen atom while the amine groups are not coordinated but are taking part in a hydrogen-bonding pattern. This leads to a slightly bent structure with an N-Ag-N bond angle of 153.2(2)°. The distance between the silver and the oxygen of the nitrate group is 2.828(2) Å, and thus the nitrate is only weakly coordinated to silver. 43 For complex 2, the pyridine-2-carboxaldoxime acts as a bidentate ligand via the ring nitrogen and the oxime group nitrogen atom, forming a distorted trigonal planar geometry around the silver (I) ion. The N1-Ag-N8 bond angle is 71.65(7)° and the shorter Ag-O bond distance 2.327(2) Å indicates a stronger interaction with the coordinated nitrate group 43 . We note that only 13 structures containing AgN 2 O with a N-Ag-N chelating unit can be found in the Cambridge Crystallographic Database.
44 Table 2 compares the hydrogen bonding in compound 1 and 2. As stated above, in 1 neither the nitrate nor the amine group is coordinated to silver, instead NO 3 -is hydrogen bonded to the NH 2 groups with R4,4 (12) and R4,4(24) motifs forming stacks in the a-direction, see Figure 3 . These stacks then pack with apparent π-π interactions with interplanar distances of 3.293Å and 3.493 Å. (9) 3.140 (9) 3.036 (8) 3.097 (9) 3.179 (9) 141 (7) 167 (8) 139 (8) 145 (8) 165 ( of the nitrate and amine groups. First we note that a large part of the ligand is hydrophobic and thus needs to be separated from the more hydrophilic structure components. This can be achieved by coordinating both the nitrate and the amine to the silver ion, thus assembling all the hydrophilic parts around silver. The alternative is that both of these groups are "free" and instead hydrogen bond to each other, thus "protecting" them from the hydrophobic methyl groups and aromatic rings. It seems in 1 the latter option has prevailed.
For compound 2, a strong hydrogen bond between the hydroxyl group and the nitrate (O9-H9...O3) leads to the formation of a helical one-dimensional motif in the a-direction as shown in Figure 4 . In this case the π-π interactions indicated by the parallel pyridine π-systems with centroid-centroid distance 3.634 Å and tilt angles 17.9-22.5˚ reinforce the chain motif and weaker forces, i.e. C-H…O hydrogen bonds, act between the chains. Although π-π interactions were identified for both 1 and 2, the plots in Figure 5 and 6 show some pronounced differences. We can see that in 1 only one side of each aromatic ring is involved in strong π-π interactions whereas both sides of the pyridine rings in 2 π-stack.
Electrospray ionization mass spectrometry (ESI-MS)
Compound 1 contains a fairly straight forward linear Ag(I) complex that would exists as an independent ion in solution. For compound 2 the situation is less clear, can the side on chelate with an obviously stronger nitrate interaction exist as an independent ion in solution, thus giving a "half-naked" Ag + ion? High- The last species probably contains water hydrogen bonded to the hydroxyl group.
DFT calculations
As stated previously, the approximately linear (for 1) versus chelate (for 2), and the difference in nitrate interaction between the complexes in these structures questions the nature of the Ag-O bonds in these
compounds. To what degree is the silver-nitrate interaction the consequence of crystal packing, and how much is determined by the coordinating abilities of the Ag(I) ion? DFT calculations could give some hints about this.
Pertinent bond distances and bond angles comparing experimental and calculated optimized molecular structures for the complexes in 1 and 2 are given in Table 3 . Table 3 . Comparison between calculated bond distances and bond angles and the corresponding values from the X-ray structures of 1 and 2.
Compound 1 Compound 2
Bond distance X-ray (Å) DFT(Å) Bond distance X-ray(Å) DFT(Å)
Ag1----O12 3.438 (7) The Ag-N distances differ with 0.05-0.16 Å, and in view of some recent results of similar DFT calculations on Ag(I) complexes this discrepancy is not surprising. 49- 51 Biju and Rajasekharan found optimized bond distances for the bipyridine and phenanthrolin complexes to differ within 0.14 Å of the crystallographic values, and for the corresponding 4,5-diazafluoren-9-one complex the difference were even larger. 52 It is perhaps significant that these structures, to a varying degree, have Ag…O interactions with a nitrate anion, and that these, and the surrounding crystal packing effects, may play a significant role difficult to model with a simple DFT calculation. In the 4,5-diazafluoren-9-one case there are also two different crystal structures reported, 53 containing two very dissimilar [Ag(4,5-diazafluoren-9-one) 2 ] + complexes. In contrast, but perfectly consistent with this discussion, the almost perfectly linear coordination geometry with negligible nitrate interaction reported by Zhou et al. is well reproduce by their DFT calculations.
relative large discrepancies between the calculated Ag…O "bonds" and the X-ray data are likely the effect of the "pull" of many other interactions, in particular hydrogen bonds, on the nitrate in the crystal, thus giving longer distances. We note in passing that the geometry of the organic part of the complexes is adequately described by the methods used.
Thermal analysis
The TG curves of 1 and 2 are shown in Figure S1 in and, moreover, the decomposition of compound 2 clearly occurs at higher temperature than for 1. We tentatively attribute this to the chelate effect.
Antimicrobial activity
Bacteria used in this investigation were of two categories: standard bacteria from the American Type Culture Collection (ATCC) and clinical bacteria, all multi-drug resistant, isolated from diabetic foot ulcers by swabbing techniques. The minimum inhibition concentrations (MIC) of compound 1 and 2 were determined and compared with 17 antibiotics used for treatment of such foot ulcer infections, see Table 4 .
[Ag(2-amino-3-methylpyridine) 2 ]NO 3 1, and [Ag(pyridine-2-carboxaldoxime)NO 3 ], 2, were active against all tested bacterial strains, except the standard E. coli (ATCC 8739) and comparable to the broad spectrum antibiotics used as references. Of the two ligands, 2-amino-3-methylpyridine is slightly active, notably against E. coli (ATCC 8739), and pyridine-2-carboxaldoxime is not active at all. Compounds 1 and 2 were especially efficient against S. lutea (MIC value 2 µg/ml for 1 compared to 4 µg/ml for the best performing amikacin and ciprofloxacin) and M. luteus (MIC value 4 µg/ml for 1 equal to the best performing amikacin and cefepime) and also highly active against S. aureus and K. pneumoniae. 
The activity of 2am3Mepy is perhaps not so surprising as pyridine amines are generally know to be toxic, although substituted ones less so. 55 Nevertheless it is interesting to note that the antibacterial property of this ligand against the standard E. coli is completely masked when bound to silver. In comparing the simple silver salt AgNO 3 with compounds 1 and 2, an important parameter not immediately available from Table 4 is the activity per silver ion. Less silver in a wound dressing but with the same proficiency to kill bacteria is good because it minimizes silver waste problems and may also have a cost-reducing effect on the price of the dressing. In Table 5 we present the MIC values as µg silver per ml for AgNO 3 , 1 and 2. It can be seen that 1 and 2 have up to a factor ten better silver efficiency against certain bacteria, and a factor of 30 against yeast, with an average improvement against all microorganisms of 3.9.
The most efficient compound seems to be 1, outperformed by AgNO 3 only on two of 18 tested strains. 
Electrophoretic DNA migration
The antibacterial action of silver ions on the molecular level is not known in detail, but three basic mechanisms have been proposed: (1) interference with electron transport, (2) interaction with cell membrane and (3) binding to DNA. 58 That silver(I) ions in the form of silver nitrate does indeed interact with DNA was shown more than 40 years ago, 59 ,60 however silver(I) complex ions may have different effects, as shown for the silver sulfadiazine compound. 61 The lack of solution chemistry data in physiological relevant media is troublesome, as it is not firmly established whether the active species in antibacterial studies of silver(I) compounds are indeed Ag(I) complexes, if the effect is somehow only mediated by the ligands, or if it is simply a question of the solubility of the compounds. On one hand, potentiometrically determined stability constants for 1:1 and 1:2 complexes of Ag + and pyridine in 0.1 mol⋅dmDMSO solutions 62, 63 are rather small i.e. log K 1 = 1.41 63 so that our solutions may in fact contain various amounts of uncomplexed silver ions, and in higher proportion as the dilution increases 64 . On the other hand, silver sulfadiazine has been shown to act as an "undissociable molecule" in complexation studies with DNA. 61 Moreover, it is not evident how to extrapolate the 0.1 M ionic strength data to 100% DMSO, or indeed to physiological relevant water solutions, so further studies of the aqueous chemistry is needed.
Shifts in solution NMR are good indicators of complex formation, and we have also established that the complex ion of 2 and corresponding solvated species, are stable under ESI-MS conditions. That this is not simply a question of solubility of the compounds can be seen from the fact that 1 is eight times more active than 2 against S. lutea, wheras 2 is four times more active than 1 against two of the S. aureus strains.
In order to further investigate the solution chemistry, and the possible DNA interaction, we performed DNA coupling experiments where 1 µg DNA was incubated with 2 µg 2am3Mepy, py2ald, silver nitrate, 1 or 2 and then migrated in an electrophoresis experiment. The results, shown in Figure 7 , indicate a different effect of the two compounds, different form that of the ligands or silver nitrate. Thus, mimicking a biological relevant solution, the two complexes show different interactions with a biological molecule that is a possible target for the antibacterial effect.
Moreover, the staining of the DNA chains were made with ethidium bromide, and with AgNO 3 (lane 2 in compared to the free ligands or silver nitrate.
